Richardson BD, Hancock KE, Caspary DM. Stimulus-specific adaptation in auditory thalamus of young and aged awake rats.
SSA-like responses might be a property of auditory thalamus (Aitkin and Dunlop 1968; Bibikov 1977; Calford and Aitkin 1983; Gross and Thurlow 1951) . Recently, more direct examinations of SSA indicated that not only do units in AC display SSA (Farley et al. 2010; Szymanski et al. 2009; Ulanovsky et al. 2003 Ulanovsky et al. , 2004 von der Behrens et al. 2009 ) but SSA is present in inferior colliculus (IC) Duque et al. 2012; Lumani and Zhang 2010; Malmierca et al. 2009; Zhao et al. 2011 ) and MGB (Anderson et al. 2009; Antunes et al. 2010; Antunes and Malmierca 2011; Bäuerle et al. 2011; Kraus et al. 1994) .
In a putative real-world corollary of SSA, auditory processing becomes increasingly more difficult in acoustically challenging conditions (i.e., social settings, the "cocktail party effect"; Du et al. 2011) , especially for older individuals with presbycusis. Empirically, age-related deficits are more apparent in measures of novel stimulus detection and auditory processing in noisy conditions or during performance of attention-demanding tasks, functions likely related to gating mechanisms that occur, in part, at the level of the thalamus (Alain and Woods 1999; Bertoli et al. 2002 Bertoli et al. , 2005 Gaeta et al. 1998; Gifford et al. 2007; Fitzgibbons 1995a, 1995b; Grimault et al. 2001; Harris et al. 2010; Rajan and Cainer 2008) . Behavioral measures suggest that older animals have difficulty identifying novel stimuli, which is well correlated with compromised single-unit novelty detection in the AC (de Villers-Sidani et al. 2010) . Since SSA may function as a real-time sensory filter at the single-unit level, age-related declines in signal-in-noise detection and in auditory processing during periods of high attentional demand may reflect compromised SSA in the MGB or other central auditory structures. The hypothetical underpinning of the present study is based on the substantial age-related loss of GABA A receptor-mediated tonic inhibition in the aged auditory thalamus (Richardson et al. 2013 ) and evidence suggesting that GABAergic feedback projection to MGB from the thalamic reticular nucleus (TRN) is a key factor mediating auditory thalamic novelty detection. This study addressed the hypothesis that SSA may be altered in aged animals.
The ability of the central auditory system to selectively respond to novel stimuli has typically been assessed by using the oddball paradigm to evoke the preattentive mismatch negativity (MMN) response (review by Naatanen et al. 2007 ). Similar to MMN, auditory units respond to an oddball stimulus set (see Fig. 2A ) with a decreased firing rate (and/or increase in onset latency) to repeated presentations of the same stimulus (standard) and increased firing rate (and/or decrease in onset latency) to a different, low-probability or novel stimulus (deviant) . A second, more efficient paradigm (see Fig. 2B ) can be used to assess SSA when a series of tone bursts at different frequencies are presented in randomized identical blocks ("blocked") or in random order ("interleaved") . Similar to the oddball paradigm, neurons displaying SSA respond with higher average firing rates in response to randomly interleaved frequency tone bursts than to the nonrandom-ordered presentation of tone bursts at different frequencies (Lumani and Zhang 2010) .
With the exception of an AC study by von der Behrens et al. (2009) , SSA studies in IC, MGB, and AC have been performed under a range of anesthetic conditions including urethane (a drug with a poorly defined mechanism of action) (Hara and Harris 2002) , a combination of ketamine (NMDA receptor antagonist) and medetomidine/xylazine (␣ 2 -adrenergic receptor agonists), or halothane (another drug known to act at multiple sites) (Anderson et al. 2009; Antunes et al. 2010; Antunes and Malmierca 2011; Bäuerle et al. 2011; Farley et al. 2010; Malmierca et al. 2009; Pérez-González et al. 2005 Ulanovsky et al. 2003 Ulanovsky et al. , 2004 Zhao et al. 2011) . These anesthetic agents are known to alter the response properties of auditory neurons. For example, a recent preliminary SSA study in the gerbil IC found little SSA until barbiturate anesthesia was administered, which revealed prominent SSA (Jones et al. 2012) . Similarly, temporal coding variability was decreased and adaptation rates were increased in the central auditory system of the gerbil upon the application of anesthesia, but the anesthesia effect was greater for higher-level primary auditory cortex (AI) units relative to IC units (Ter-Mikaelian et al. 2007 ). Since use of anesthetic agents could alter SSA unit responses, the present study examined SSA in the MGB of the unanesthetized rat.
The present study sought to determine the presence of SSA in MGB units recorded with implanted individually advanceable tetrode arrays in response to 1) the oddball paradigm and 2) the random/nonrandom paradigms in awake Fischer Brown Norway (FBN) rats. The impact of aging on SSA in the MGB of awake young adult and aged rats was examined to determine whether SSA may be altered in aged animals.
MATERIALS AND METHODS
FBN rats were individually housed on a reversed 12:12-h light-dark cycle with ad libitum access to food and water. Procedures were in accordance with guidelines of and protocols approved by the Southern Illinois University School of Medicine Lab Animal Care and Use Committee.
Acoustic brain stem responses. Acoustic brain stem response (ABR) threshold testing was completed on all aged FBN rats to ensure that aged animals displayed hearing levels consistent with those observed in previous studies (10-to 20-dB shift) ). ABRs and single-unit recording experiments were completed in a double-wall soundproof booth (Industrial Acoustic, Bronx, NY). Young adult (4 -5 mo old) and aged (27-29 mo old) male FBN rats were anesthetized with an intramuscular injection of a 3:1 mixture of ketamine and xylazine at a dose of 7 mg/kg xylazine and 105 mg/kg ketamine (dose for aged rats was reduced by ϳ20%). ABRs were collected as previously described ): 3-ms duration with 1-ms rise/decay clicks and pure tones at 4, 8, 12, 16, 24 , and 32 kHz presented 512 times at 20/s. ABR signal gain totaled 200,000ϫ and was filtered between 0.3 and 3 kHz. Absolute thresholds were determined for the P4-P5 ABR wave complex for each rat at each frequency by an experimenter blinded to the age of the subject. Rats were allowed to recover for 3 days after ABR testing before beginning acclimatization to the recording chamber.
Tetrode microdrives and implantation surgery. VersaDrive4 tetrode drives (Neuralynx, Bozeman, MT) were assembled and loaded with four tetrodes (Fig. 1A) cut to a total length of ϳ8 mm, allowing each tetrode to be advanced completely through the MGB; 2-2.5 mm of tetrode extended out of the supporting cannula. Each tetrode wire was gold-electroplated to an impedance between 0.75 and 1.5 M⍀ sampled at 1 kHz (nanoZ, Neuralynx). Prior to implantation, sterile ultrawhite petroleum jelly (Tyco Healthcare Group, Mansfield, MA) was applied to the bottom of the drive at the exit point to protect against debris or fluid contaminating the drive mechanism. Drives were sterilized with ethylene oxide before implantation. Fig. 1 . Implantation of individually advanceable tetrode drives and single-unit recording. A: assembled VersaDrive4 with tetrode tips positioned as they would be in the medial geniculate body (MGB). B: tetrodes are advanceable with the turn of a drive screw easily accessed when the animal is awake. C: implanted Fischer Brown Norway (FBN) rat in the modified restraining chamber with free access to water (front), the headstage attached to the VersaDrive4 and the Fostex tweeter positioned at right adjacent to the wire mesh (not visible). D and E: waveforms (D) of 3 distinct single units and corresponding principal component clusters (E). F: expanded individual raw waveforms corresponding with sorted waveforms identified in Plexon's Sort Client (D and E). F1, F2, and F3 correspond with units 1, 2, and 3 labeled in H. G: raw data trace from the same tetrode channel/wire represented in D and E. H: expanded underlined region in G. Scale bar in H applies to F-H: 1.5 ms (F), 500 ms (G), 30 ms (H).
One day prior to surgery, acetaminophen (4.5 mg/ml) was provided via the rat's drinking water. On the day of implantation surgery, 10 young adult and 6 aged FBN rats were weighed and anesthetized with intramuscular ketamine and xylazine (7 mg/kg xylazine, 105 mg/kg ketamine). The aged dose was reduced by ϳ20%. The head was shaved, and the rat was placed in a Kopf stereotaxic fitted with a nose cone for gas anesthesia delivery. Lidocaine jelly (2%) was applied, and the dorsal surface of the head was scrubbed with alternating Nolvasan/70% alcohol. Rats were given sterile saline (2-3 ml sc) and placed on a thermostatically controlled heating pad (Harvard Apparatus, Holliston, MA), O 2 blood saturation level and heart rate were monitored (PulseSense Vet, Nonin Medical, Minneapolis, MN), and ophthalmic ointment was applied to each eye. Oxygen was administered continuously to maintain 95-100% blood saturation, and isoflurane (1-2.5%) was administered with a gaseous anesthesia system (VetEquip, Pleasanton, CA) when the animal showed a reduction in the level of anesthesia (presence of pedal withdrawal or elevated heart rate).
Under sterile conditions, the skull surface was exposed and 4 -5 anchor screws were set in place (2 in the right frontal, 1 in the posterior left frontal, 1 in the parietal and 1 in the posterior nasal bones). A 2.3-mm-diameter hole was drilled over the left occipitoparietal cortex, dorsal to the MGB (5.5-5.7 mm bregma and 3.5-3.8 mm of midline), and the dura was removed. A ground wire was attached to a reference screw placed in the anterior right frontal bone that made contact with the dura, and the tetrode drive was slowly advanced to a depth of 4.5-5 mm, placing the four tetrode tips just dorsal to MGB. Dental acrylate cement was added around the anchor screws and drive, encapsulating the entire drive with the exception of the drive screws and pins (Fig. 1B) . This method of mounting the tetrode drive did not appear to alter basic animal behavior and demeanor, and postmortem examination of the brain indicated that very little damage to the surface of the brain occurred.
After surgery, triple antibiotic ointment was applied to the edge of the headcap and wound and an additional 2-3 ml of sterile saline was administered subcutaneously. The animal was exposed to 100% oxygen and kept on a heating pad throughout recovery until ambulatory. Acetaminophen (4.5 mg/ml) remained in the drinking water for at least 1 full day after the surgery, with a recovery time of 7-10 days prior to recording.
Single-unit recording procedures. Prior to surgery, rats were acclimatized to a modified Experimental Conditioning Unit (ECU; Braintree Scientific, Braintree, MA) with free access to water using a food reward (1/4 to 1/2 Froot Loop) until they remained quiet and still for up to 3 h. The recording chamber had a 2 ϫ 4-cm hole on the right side covered with a wire mesh and a second 3 ϫ 6-cm hole on the top of the chamber over the position of the rat's head to allow access to the tetrode drive (Fig. 1C ). Significant effort was made to ensure that data were collected when each animal was in an awake and alert state. Most importantly, the animal husbandry facility room in which these rats were housed was always maintained on a reversed light-dark cycle. As a result, when recordings were obtained during the daytime hours, this was during the rats' active period. All recordings took place in the dark. In addition, regularly occurring and typically low-frequency artifacts from movement, bruxing, chewing, and/or drinking served as cues to each rat's level of alertness and activity, despite being unable to reorient themselves away from stimulus. Sudden changes or decreases in single-unit responses and the presence of bursting occurred rarely but indicated a decrease in each rat's arousal. When this occurred, trials suspected to be affected by a change in arousal level were not included in analysis. Finally, each animal was regularly visually inspected throughout each recording session for alertness and correct orientation in the chamber, and they were regularly found to be awake, alert, and appropriately oriented.
The tetrode drive was coupled to an 18-pin (16 single wires, 2 ground) VersaDrive4-to-Omnetics adaptor (Neuralynx) and connected to a unity gain 18-channel headstage tethered to a preamplifier [2ϫ gain; 0.15 kHz (high pass), 8 kHz (low pass); Plexon, Dallas, TX] (Fig. 1C) . Sixteen channels of raw data were digitized with a Multichannel Acquisition Processor (MAP) and visualized with Sort Client (Plexon). Tetrodes were advanced by turning a drive screw (1 full turn ϭ 250 m) coupled to each tetrode and were advanced in 1/4-turn (62.5 m) increments with the distance recorded to aid in localization of units (Fig. 1B) . A brief waiting period was included to allow the tips to "settle" before resuming the recording session. To avoid unit resampling, after all units on a tetrode were studied that tetrode was advanced at least 125 m. When auditory responsive units/field potentials were no longer present, tetrodes were left in position for marking.
Spikes were sorted with standard methods (amplitude threshold and principal component analysis) and saved as timestamps. Reliability of single-unit discrimination was evaluated by creating a cross-correlogram of all events for each putative single unit and subsequently determining the percentage of spikes occurring within the absolute refractory period (1 ms); units were typically discarded if Ͼ1% of events occurred within the defined refractory period. Timestamps were relayed to a system running a custom program for stimulus generation and real-time analysis of unit response [Auditory Neurophysiology Experiment Control Software (ANECS), Ken Hancock, Blue Hills Scientific, Boston, MA].
When recordings were complete, each rat was anesthetized with ketamine and xylazine as described above and current pulses (5 A for 5 s) were passed through the tip of each tetrode wire, producing a small lesion. Rats were cardiac perfused with phosphate-buffered saline (0.1 M, pH 7.4) followed by paraformaldehyde (4%). Brains were removed, placed in paraformaldehyde (1-2 h), and then transferred to sucrose (20%). Frozen coronal sections (30 -35 m thick) were stained with fast thionin. Electrode tracks were localized to the different subregions of the MGB (Paxinos and Watson 1998) and used to determine the position of each recording site relative to the final location of the tetrode tip.
Acoustic stimuli generation and paradigms. Acoustic signals were generated by a 16-bit D/A converter [TDT RX6, Tucker Davis Technologies (TDT) System III, Alachua, FL], amplified (Yamaha P2500S, Buena Park, CA), and transduced by a Fostex tweeter (model FT17H, Agoura Hills, CA) placed 2 cm from the 2 ϫ 4-cm wire mesh-covered opening (Fig. 1C) . The output was calibrated off-line as described previously ) with a 1/4-in. microphone (model 4938; Brüel & Kjaer, Naerum, Denmark) placed in the recording chamber at the approximate location of the rat's pinna. Softwaregenerated calibration tables in dB sound pressure level (SPL re: 20 Pa) were used to set programmable attenuators (TDT PA5) to achieve pure-tone intensities accurate to within 2 dB SPL for frequencies up to 45 kHz.
Response maps (RMs) were used to determine best frequency (BF) and threshold. Pseudorandom tone-burst stimuli (50-ms duration, 5-ms rise/fall time) were presented with 250-ms onset-onset interstimulus interval (ISI) in 0.15-to 0.1-octave frequency steps (1-42 kHz) and 5-to 10-dB intensity steps (0 -80 dB). When multiple low-threshold minima were present in the RM, BF was assigned as the frequency at which the trough was present at the lowest intensity. When trough minima were similar, the highest frequency was recorded as BF. Novelty detection was assessed with two paradigms examining changes in evoked firing rate to low-and high-probability stimuli: 1) oddball and 2) random blocked/interleaved frequency presentation. Both paradigms were presented at 75 dB SPL and 35 Ϯ 5 dB SPL above BF threshold to normalize for age-related threshold variation ). All tone bursts were 100 ms long (4-ms rise-fall) and were presented with a 250-ms onset-onset ISI.
The oddball paradigm involved presentation of two tones within the excitatory response area of an MGB unit (S1 and S2) which were Ϯ0.16 octaves relative to BF ( Fig. 2A) . Similar to previous studies, a block of 300 stimuli containing both frequencies was presented in a probabilistic manner, with S1 as the standard (90%) interspersed with random presentations of S2 as the deviant (10%) (Antunes et al. 2010; Antunes and Malmierca 2011; Malmierca et al. 2009; Pérez-González et al. 2005; Ulanovsky et al. 2003 Ulanovsky et al. , 2004 . The probabilities of S1 and S2 were then reversed for comparison ( Fig. 2A) .
The random blocked and interleaved isointensity paradigm allowed observation of SSA across a range of stimulus frequencies ( Fig. 2B ) (Lumani and Zhang 2010) . Frequency was stepped linearly over a given range (at least Ϯ0.5 octaves re BF, minimum of 6 frequencies). Figure 2B displays the random blocked presentation of the stimuli in like blocks (i.e., S1, S1, S1, . . . S2, S2, S2, . . .) in the first series, whereas the frequency of each tone was randomly interleaved in the second paired series (i.e., S2, S4, S3, S7, S1, . . .). This allowed direct comparison of the adapted response (blocked) with the nonadapted response (interleaved) over the range of frequencies tested.
To quantitatively assess SSA, first in MATLAB (The MathWorks, Natick, MA) the response of each unit was windowed with a variable window duration that ranged from 10 to 100 ms based on the response type (e.g., onset, sustained, etc.) apparent in the paired rasters and poststimulus time histograms (PSTHs; bin ϭ 3 ms). To determine the mean normalized firing rate used in determining stimulus-specific index (SSI) and neuronal stimulus-specific index (NSSI) values (see below), the numbers of spikes generated in response to each tone within the defined window were divided by the window duration and normalized to the number of presentations. For SSI and NSSI calculations, the mean normalized firing rates in response to the stimulus S 1 when it is the deviant and standard, respectively, are defined as d(S 1 ) and s(S 1 ), and likewise for S 2 . These rate values were subsequently used in the two indexes developed by Ulanovsky and colleagues (2003) used to quantify SSA for a given unit: the SSI, SSI (
To determine the time course of adaptation, spikes within the defined window (see above) for each trial were counted to determine the change in firing rate over time with each consecutive trial presentation as described previously (de Villers-Sidani et al. 2010; see Ulanovsky et al. 2004 ). The spike count for each trial was first normalized to the first response (that was not a failure) then plotted (y-axis) against their trial number (x-axis). This trial-by-trial time series of firing rate was then fit with an exponential function (a least-squares method) with IGOR Pro 6 (WaveMetrics, Lake Oswego, OR). The exponential fit provided the rate of adaptation in the decay () of the fitted curve and the magnitude of adaptation in the asymptote of the fitted curve for the response of each unit to a given frequency presented as the standard and deviant (see Fig. 5G ).
For random blocked and interleaved stimulus pairs, novelty re-
were based on area under the curve values (AUC) for the resulting blocked (A Block ) or interleaved (A Inter ) isointensity functions (Lumani and Zhang 2010) . Isointensity functions were calculated from the firing rate in response to each frequency for the blocked and interleaved conditions. AUC was calculated with x-y pair area analysis in IGOR Pro 6.
All index values (SSI, NSSI, NRI) were used to assess the degree of SSA for each neuron and ranged from Ϫ1 to 1. Negative values indicated a suppressed response to deviant stimuli. A value of 0 indicated no preference for standard/blocked or deviant/interleaved. A value of 1 indicated an enhanced response to deviant/interleaved stimuli relative to standard/blocked.
Statistical analyses. Independent-samples t-tests were adequate for most statistical comparisons; they are noted in the text. A Kolmogorov-Smirnov (KS) test was used to determine differences between distributions. An ␣ level of 0.05 was used for all statistical tests. All values are expressed as means Ϯ SE.
RESULTS

Basic properties of MGB unit responses.
Sixty young adult and 55 aged MGB single units responding to acoustic stimuli were recorded from 10 young adult and 6 aged awake FBN rats. The ranges of BFs were similar between young adult and aged rats, but there was an age-related mean threshold elevation at BF of ϳ10 dB (P Ͻ 0.001; Fig. 3 ). Temporal response patterns for all units are shown in Table 1 and suggest that the population of units studied in rats from each age group may be similar based on the similarity of the distribution of response types. Response patterns were classified as "on" (1-5 action potentials with regular short ISIs) or "onset" (multiple action potentials with increasing ISIs following stimulus onset) when a transient response was elicited after stimulus onset followed by a period of suppression before the stimulus offset. Units responding only with an "off" response (a transient response after the stimulus offset) were rare, but on-off or onset-off responders were common, especially at higher intensities. Some unit responses were classified as "sustained" responders if they fired regularly throughout the entire duration of the stimulus. Units showing more than one type of response pattern are included more than once. Most units displayed at least one clear minimum in the RM, indicating some degree of frequency selectivity. Similarly, of all MGB units studied, only two Fig. 3 . Young adult and aged MGB single-unit best frequency (BF) and threshold. A: composite scatterplot of each unit's identified threshold at BF against BF for that MGB single unit from young adult (black circles) and aged (gray squares) FBN rats. B: average threshold at BF for MGB single units from young adult (white) and aged (gray) rats. ***P Ͻ 0.0001. Fig. 2 . Stimulus-specific adaptation (SSA) stimuli paradigms. Boxes represent the presentation of a stimulus across time from left to right. A: the oddball paradigm used to assess SSA. In the 90%/10% case S1 (black) is the standard while S2 (gray) is the deviant. Probabilities are reversed for S1 and S2 in the 10%/90% case. B: random blocked and interleaved stimuli sets for SSA analysis through comparison of isointensity functions collected for a broad range of frequencies. In the first condition, all stimuli selected are presented in like blocks to "induce" adaptation. In the second condition, the same stimuli are presented randomly interleaved with one another. The probability of occurrence for each stimulus at any time is the sole independent variable, and the evoked firing rate is the dependent variable used for all comparisons.
young and three aged neurons responded poorly or not at all to tones, while 10 young adult and 13 aged single units responded poorly or not at all to broadband noise.
Stimulus-specific adaptation occurs in MGB of awake rats. SSA in the MGB of the awake rat was probed with a pairedtone oddball paradigm similar to previous studies (Antunes et al. 2010; Antunes and Malmierca 2011; Malmierca et al. 2009; Ulanovsky et al. 2003) (Fig. 2) . To keep as many parameters constant for comparison of SSA in young adult and aged rats, the two frequencies chosen were to be Ϯ0.16 octaves from BF with a 0.22-octave separation. This frequency separation was between the reported optimum separation for maximum SSA of ϳ0.37 octaves and a more challenging separation of 0.1 octaves (Antunes et al. 2010) . To account for age-related threshold shifts, novelty detection paradigms were always presented at two intensities: 75 dB SPL (an absolute intensity) and 35 Ϯ 5 dB above threshold. A unit was considered to display SSA if it responded with a lower firing rate to a tone of a given frequency when that frequency was the standard (presented with a high probability) compared with when that same frequency was the deviant (presented with a low probability) (Fig. 4) .
In Fig. 4 , the example unit showing SSA adapts to 13.4 kHz as the standard (Fig. 4B ) but responds vigorously when 13.4 kHz is the deviant (Fig. 4C) . The dot rasters (Fig. 4, B and C) show how the discharge rate at stimulus onset decreased and latency increased with each subsequent trial when 13.4 kHz (standard) was paired with 16.7 kHz (deviant). In subsequent analysis, the pair of rasters were converted to PSTHs like those shown in Fig. 4D . SSI and NSSI (see MATERIALS AND METHODS) were used to quantify differences in SSA magnitude. In some cases, only one frequency elicited SSA because of either a reduced response to the second frequency or less adaptation to the second frequency. As a result, there were units for which SSI values for the two frequencies used in the oddball paradigm were quite disparate (e.g., 0.32 and Ϫ0.18), resulting in the NSSI (an index taking into account SSA to both frequencies) inaccurately representing the maximum observed SSA capability. For young adult rats 17 units at the 75 db SPL and 19 units in the 35 dB HL conditions and for aged rats 19 units at the 75 dB SPL and 15 units in the 35 dB HL conditions displayed SSA and had SSI values that were separated by Ͼ0.25. To provide a best descriptor of a unit's observed novelty-detecting ability or level of SSA, a best SSI (maximum SSI of the response to S1 and S2 in each oddball pair) value was used as a measure along with the NSSI.
Young adult MGB units displayed varying SSA levels (Fig.  4, E-J) as defined by the SSI and NSSI (Fig. 5, A-D) . SSA values for MGB units ranged from units showing essentially no difference/selectivity for deviant vs. standard (Fig. 4, E and F) to units displaying moderate levels (Fig. 4 , G and H) or high levels of SSA, in which a response was elicited by a particular frequency only when it was the deviant (Fig. 4, I and J). SSA levels tended to be higher at lower intensities (Fig. 4 
, G vs. H).
Group data comparing unit SSI scatterplots at 75 dB SPL with those recorded at 35 dB HL are shown in Fig. 5, A and B . SSI values for some units displaying SSA (SSI Ͼ0.25, see below) were greater at the lower intensity (Fig. 5, A-D) , as was the number of units that displayed SSA at 35 Ϯ 5 dB HL (29 units) compared with the same oddball paradigm presented at 75 dB SPL (25 units) (Fig. 5, E and F) .
As has been reported by others (Antunes et al. 2010) , for units that could be reliably localized SSA was greater in nonlemniscal divisions, especially the medial MGB (MGm), but not significantly [best SSI 75 dB SPL condition: ventral MGB (MGv) ϭ 0.20 Ϯ 0.05 (n ϭ 12), dorsal MGB (MGd) ϭ 0.22 Ϯ 0.05 (n ϭ 30), MGm ϭ 0.30 Ϯ 0.08 (n ϭ 12) 35 Ϯ 5 dB HL condition: MGv ϭ 0.24 Ϯ 0.07 (n ϭ 12), MGd ϭ 0.27 Ϯ 0.06 (n ϭ 27), MGm ϭ 0.40 Ϯ 0.07 (n ϭ 11); P Ͼ 0.4 for all comparisons, ANOVA with Bonferroni post hoc]. Because of the lack of significant divisional SSA differences, young adult and aged MGB comparisons were carried out irrespective of division.
Responses to oddball paradigm indicate no age-related change in SSA for rodent MGB units. SSI values for young adult and aged MGB units were compared in a test of the hypothesis that aging negatively impacts novelty detection in MGB neurons of awake FBN rats. Scatterplots show the distribution of SSI for young and aged units at 75 dB SPL and 35 Ϯ 5 dB HL (Fig. 5, A and B) . The distributions were not significantly different at 75 dB SPL (n ϭ 114 young adult and 108 aged; P ϭ 0.65, D ϭ 0.097, C ϭ 0.20; KS test) or for the 35 Ϯ 5 dB HL condition (n ϭ 106 young adult and 106 aged; P ϭ 0.59, D ϭ 0.10, C ϭ 0.20; KS test). Figure 5 , C and D, show the distribution of all best SSI values for each neuron at 75 dB SPL and 35 Ϯ 5 dB HL, respectively. The distributions of best SSI values for each condition were not significantly different for the population of MGB units studied, either (75 dB SPL: n ϭ 57 young adult and 54 aged; P ϭ 0.39, D ϭ 0.17, C ϭ 0.27; 35 Ϯ 5 dB HL: n ϭ 53 young adult and 53 aged; P ϭ 0.71, D ϭ 0.13, C ϭ 0.28; KS test).
Since not all units display SSA, only best SSI values for units displaying positive SSI values were compared. A distri- bution (0.05 bins) of all SSI values (regardless of age group and intensity condition) was created and fit with a Gaussian distribution centered at "zero." The standard deviation of this distribution was 0.25; units with SSI values Ͻ0.25 were determined to be indicative of no SSA, whereas SSI values Ͼ0.25 were indicative of units displaying SSA (Fig. 5, C and  D) . This criterion was similar to that used previously (cutoff: 0.18, Antunes and Malmierca 2011). Average best SSI values for neurons displaying SSA were not significantly different between ages for the population of units studied for either the 75 dB SPL (n ϭ 25 young adult and 32 aged; P ϭ 0.81) or the 35 Ϯ 5 dB HL (n ϭ 29 young adult and 27 aged; P ϭ 0.96, independent-samples t-test) condition (Fig. 5, E and F) .
Results were similar when the NSSI was used as a measure, which took into account the level of SSA in response to both frequencies in the oddball pair. The distributions of NSSI values for each intensity (data not shown) were not significantly different for the MGB units studied (75 dB SPL: n ϭ 57 young adult and 54 aged; P ϭ 0.29, D ϭ 0.17, C ϭ 0.27; 35 Ϯ 5 dB HL: n ϭ 53 young adult and 53 aged; P ϭ 0.45, D ϭ 0.15, C ϭ 0.28; KS test). The same cutoff of 0.25 was applied to the NSSI value distribution to determine which units displayed SSA. Average NSSI values for units displaying SSA were not significantly different between ages at either 75 dB SPL (n ϭ 13 young adult and 14 aged; P ϭ 0.49) or 35 Ϯ 5dB HL (n ϭ 14 young adult and 15 aged; P ϭ 0.60; independentsamples t-test).
Time course of adaptation to oddball paradigm indicates no age-related change in rate of SSA for rodent MGB units. The rate and magnitude of adaptation over the course of each standard and deviant trial were compared between young and aged MGB units (de Villers-Sidani et al. 2010; Ulanovsky et al. 2004) . As SSA was greatest for the 35 Ϯ 5 dB HL condition, time course plots of the normalized response (see MATERIALS AND METHODS) were compared for each unit-frequency (S 1 and/or S 2 ) combination where SSI Ͼ 0.25 ( Fig. 5G ; n ϭ 33 standard/deviant pairs from 29 young adult and n ϭ 32 standard/deviant pairs from 27 aged MGB units). No age-related differences in the group mean asymptote/magnitude (P Ͼ 0.5) or the rate/ (P Ͼ 0.5) of adaptation of the normalized responses plotted for each consecutive trial (x-axis) through the first 200 trials were observed (Fig. 5G) . The time courses of the responses to standard and deviant stimuli for young adult and aged MGB single units were similar.
Responses to random blocked/interleaved novelty detection paradigm indicate no age-related change in SSA for rodent MGB units. The second paradigm used to examine novelty detection by MGB units assessed rapid SSA across frequen- Fig. 4 . MGB single-unit SSA in response to oddball paradigm. A: response map for a single unit localized to the medial MGB (MGm). The higher frequency of the 2 peaks (6.5 kHz at 45 dB, 14.9 kHz at 40 dB) was used as the BF for this unit. Frequency values Ϯ0.16 octaves from 14.9 kHz (13.37 kHz and 16.67 kHz, 2 vertical lines) were used as the 2 frequencies presented in the oddball paradigm at high (standard, 90%) and low (deviant, 10%) probabilities. The threshold for the unit was 40 dB; therefore the oddball paradigm was presented at 75 dB, 35 dB above threshold (horizontal line). B and C: raster of single-unit response to 100-ms tones presented randomly in the oddball paradigm with 10/90% probabilities. Each dot represents the occurrence of an action potential in response to a tone (frequency of tone at each trial corresponds to the color in the key). Trial number is on the y-axis; poststimulus time is on the x-axis. This unit responds poorly/adapts rapidly to 16.67 kHz but responds reliably to 13.37 kHz. B: 13.37 kHz (90%) is the standard (blue) and induces noticeable adaptation within the first 10 -20 presentations. C: 13.37 kHz (10%) is the deviant (red) and elicits a robust response with each presentation. D: averaged poststimulus time histogram (PSTH; 3-ms bins) for the unit response to 13.37 kHz presented as the standard (blue; B) and as the deviant (red; C). E-J: paired PSTHs for single units [all localized to dorsal MGB (MGd)] displayed a range of SSA from no (E and F) to moderate (G and H) and high (I and J) SSA. Frequencies used (F) and the stimulus-specific index (SSI) value for each pair are noted in each histogram. G-J: note that SSI values for some units were smaller for some units at higher intensities (75 dB SPL; G and I) than at lower intensities (35 Ϯ 5 dB HL; H and J) and the latency of the response is longer for neurons with greater SSI values compared with the latency of the response for the nonadapting neuron (E and F).
cies. A range of frequencies (Ϯ0.5 octaves above and below BF with at least 6 frequency steps; Fig. 2B, Fig. 6 , B-D) were presented at 75 dB SPL and at 35 Ϯ 5 dB HL with two different sequences (Fig. 2B) . First, the sequence of tones was presented in blocks of 20 identical repeated frequencies in order to induce adaptation. The frequency blocks were always randomized. Second, the same sequence of frequencies (20 repetitions per frequency) was randomly interleaved across presentations to prevent adaptation to a single frequency (Fig.  2B ). The firing rates in response to the blocked and interleaved conditions were then compared (Fig. 6B) .
Typically, a prominent peak in the resulting isointensity curve was centered at or near BF for both stimulus sequences. The AUC for the peak of each function (for the blocked and interleaved conditions) was calculated (IGOR Pro 6) to generate the NRI (Lumani and Zhang 2010 ). An NRI value cutoff determined to be the standard deviation of the distribution (0.05 bins) of all NRI values (regardless of age group and intensity condition) was created and fit with a Gaussian distribution centered at "zero" (standard deviation ϭ 0.11). NRI values Ͻ0.11 were determined to be from a unit not displaying SSA, whereas SSI values Ͼ0.11 were indicative of a unit displaying SSA (Fig. 6, E and G) .
Similar to the results with the oddball paradigm, the distributions of NRI values (Fig. 6, E and G) for each condition were not significantly different between young adult and aged units in the population of MGB units studied [75 dB SPL (n ϭ 56 young adult and 49 aged): P ϭ 0.17, D ϭ 0.21, C ϭ 0.28; 35 Ϯ 5 dB HL (n ϭ 56 young adult and 47 aged): P ϭ 0.68, D ϭ 0.13, C ϭ 0.28; KS test]. Average NRI values for neurons displaying SSA (NRI Ͼ 0.11) were not significantly different for the population of units studied for either the 75 dB SPL (n ϭ 21 young adult and 23 aged; P ϭ 0.63) or the 35 Ϯ 5 dB HL (n ϭ 28 young adult and 23 aged; P ϭ 0.79; independentsamples t-test) condition (Fig. 6, F and H) . These data, from a second SSA paradigm, suggest that SSA does occur in the MGB of awake rats but is not altered by age.
DISCUSSION
With implanted tetrode arrays to record single-unit responses in the auditory thalamus of unanesthetized FBN rats, MGB neurons displayed qualitatively and quantitatively similar, but not necessarily identical, SSA levels relative to the anesthetized preparation. Conclusions regarding the impact of arousal and age were based on MGB unit responses with two different stimulus paradigms to assess SSA, the standard oddball paradigm and a random blocked/interleaved frequency paradigm. With SSI, NSSI, and NRI indexes, SSA responses in unanesthetized MGB were found to be present and qualitatively comparable to those reported for MGB units in anesthetized rats, mice, and gerbils (Anderson et al. 2009 ; Antunes et al. 2010; Antunes and Malmierca 2011; Bäuerle et al. 2011; Yu et al. 2009 ). These findings were consistent with descriptions of SSA in auditory cortex of the awake rat as well (von der Behrens et al. 2009 ). Second, in addressing whether diminished novelty detection in the elderly may be due to singleneuron deficiencies in novelty detection/SSA, we found no age-related changes in the magnitude or time course of SSA at the level of the auditory thalamus. Notably, these findings contrast with the age-related decrease in SSA observed in AI of the anesthetized rat (de Villers-Sidani et al. 2010) .
Of the MGB units studied, 29 of 60 young adult units from all three MGB divisions displayed SSA, suggesting that SSA does not require the suppressed level of arousal produced by anesthesia. Compared with previous SSA studies, the magnitude of SSA was not as large as previously reported for the anesthetized rat MGB. For example, Antunes et al. (2010) found that 46% of MGB neurons, particularly in the MGm, had index values Ͼ 0.6 for both frequencies in an oddball pair with parameters similar to those of the present study. Here, only 13% of MGB single units in young adult rats display a best SSI value above 0.6. However, it should be pointed out that this discrepancy may reflect differences in age or strain or depend, in part, on the anesthetized state of the animal (see introduction for discussion). Another major difference between the present study and many previous studies was the use of a pair of frequencies at identical fixed distances relative to BF (0.16 octaves) in order to compare young and aged unit responses to SSA stimulus sets that were as similar as possible. This is in contrast to previous studies, which often used a frequency pair chosen on a unit-by-unit basis to maximize SSI values in response to the oddball paradigm (Anderson et al. 2009; Antunes et al. 2010; Antunes and Malmierca 2011; de VillersSidani et al. 2010; Malmierca et al. 2009; Pérez-González et al. 2005 Ulanovsky et al. 2003 Ulanovsky et al. , 2004 .
In the present study, a modestly greater number of units displayed SSA at lower stimulus intensities, an effect seen in the IC of anesthetized rats as well . The time course and magnitude (young adult asymptote standard ϭ 0.22, deviant ϭ 0.38) of adaptation to standard and deviant stimuli were found to be comparable to those described for auditory cortex in anesthetized rats (de Villers-Sidani et al. 2010) .
The second stimulus paradigm used to assess SSA in MGB employed a random blocked/interleaved presentation of a range of frequencies, similar to that used by Lumani and Zhang (2010) in IC, in which rapid adaptation must occur within 20 repetitions for SSA to be revealed. It is because of this increased stringency in testing SSA, in which much less time is provided for adaptation to occur than in the oddball paradigm, that the NRI (mean NRI at 35 Ϯ 5 dB HL ϭ 0.31 Ϯ 0.02) values (mean best SSI at 35 Ϯ 5 dB HL ϭ 0.48 Ϯ 0.4) were smaller than SSI values. This random blocked/interleaved method of evaluating SSA proved to be more efficient in some respects (e.g., evaluating adaptation at multiple frequencies) compared with the oddball paradigm. However, it also became clear that unless the number of repetitions were dramatically increased, thereby reducing the efficiency of this test, only the most robust SSA responders would be identified.
Mechanisms necessary for SSA. Since the description of SSA in auditory cortex by Ulanovsky et al. (2003) nearly 10 years ago, SSA has been the subject of numerous studies focused on determining the neurotransmitter(s), membrane properties, and network connections involved in SSA and the brain region(s) from which SSA originates. In regard to the neurotransmitters, to date, data indicate that GABA is important in exerting a gain-control/modulatory action on SSA in the IC ; Pérez-González and Malmierca 2012) but is not required for forming SSA. Similarly, in the MGB GABA exerts a significant gain-control function over the magnitude of SSA by suppressing responses to the standard to a greater extent than to the deviant and again is not essential for its presence (Duque et al. 2013) . NMDA receptors also do not appear to be involved in mediating SSA in AC (Farley et al. 2010) , even though cortex may not be where SSA is initiated (see below).
The idea that GABA or inhibitory neurotransmission was involved in SSA stems, partly, from data suggesting that the GABAergic TRN mediates responses to novel stimuli. The TRN, an entirely GABAergic nucleus relatively well established as a key nucleus in regulating attention (Crick 1984; Guillery et al. 1998; Kimura et al. 2012; McAlonan et al. 2006; Pinault 2004 ), has been described by Yu and colleagues (2009) as a mechanism for generating some types or degrees of SSA in MGB. However, the effect of TRN GABAergic input on MGB (and other thalamic nuclei) activity may depend on descending cortical input in the awake/aroused state. In such a case, the impact of TRN input on SSA in MGB as described previously (Yu et al. 2009 ) may not be as relevant or apparent in the anesthetized preparations if the gating of sensory information through TRN is dependent on maintaining attention actively rather than passively. Furthermore, while the impact of cortically activated TRN was putatively probed by others by examining the effect of cortical cooling on SSA in MGB and IC, the lack of an effect of cooling on SSA found by Antunes and Malmierca (2011) and Anderson and Malmierca (2013) may be due to the anesthetized state of the animals, in which cortical input may be present but further suppressed. For these reasons, the role of the TRN in auditory (sensory) thalamic function and in SSA, in particular, is still unresolved and should be investigated further in awake animals and possibly during the performance of behavioral attention-demanding tasks.
In agreement with previous subcortical SSA studies including the external shell of the IC (Malmierca et al. 2009; Pérez-González et al. 2005 ) and the dorsal and medial divisions of the MGB (Antunes et al. 2010) , we also found a nonsignificant trend for larger SSA in the nonlemniscal parts of the MGB. The predominance of SSA responders to the shell of the IC and MGd and MGm strongly suggests that nonlemniscal pathways participate in the generation of these responses. A similar segregation of SSA to the nonlemniscal pathway is seen in studies in AI, where SSA is less common in layers III and IV (the target of MGv projections) than in layer V (the output to MGd), suggesting that SSA is more prominent in neurons primarily synapsing onto those in nonlemniscal auditory thalamus (Szymanski et al. 2009 ).
However, cooling AI, presumably inactivating descending control or modulation of MGB or IC, did not have a substantial effect on SSA in the MGB (Antunes and Malmierca 2011) . This was further supported by the work of Nelken et al. (2013) , who proposed that two distinctly separate SSA mechanisms work in concert to generate SSA as it is represented in cortex: those that occur in AC and those that occur in subcortical structures. Taken together, the present and emerging findings suggest that SSA may likely be generated de novo to a large extent in lower nonlemniscal auditory structures (e.g., IC or MGB) but further transformed at higher levels that may also feed back to modulate SSA in subcortical nuclei. This proposed combination of hierarchical processes within the auditory network results in SSA in AC that is related to and dependent on, but still very different from, SSA in thalamus and midbrain and may explain the lack of age-related differences in SSA in MGB described below. Regardless, the relative contributions of the various brain structures to the formation of SSA are still undefined and should be the focus of future work on SSA.
Comparison of SSA in young and aged rats. We tested the hypothesis that SSA would be reduced in the MGB of aged rats and observed no significant age-related difference in SSA indexes in the population of MGB units studied. Values were almost identical between the two ages for the distributions and means of best SSI, NSSI, and NRI as well as the rate and magnitude of SSA. This study was designed to test the hypothesis that SSA is altered in aged animals because of an agerelated change in GABAergic input from the TRN, previously suggested to mediate novelty detection in the auditory thalamus (Yu et al. 2009 ). However, in light of a recent finding indicating a 50% age-related functional loss of one type of GABA A receptor mediating tonic inhibition in the MGB (Richardson et al. 2013 ), the present results fail to support a role for extrasynaptic GABA A receptors in SSA, as SSA was not found to be similarly affected by aging. Consistent with the present findings, recent iontophoretic studies in young anesthetized rats (Duque et al. 2013 ) suggest only a gain-control role for GABA in SSA, supporting the idea that SSA may be passed up from IC or generated in MGB through other adapting inputs and/or circuits.
In contrast to the data presented here, de Villers-Sidani et al. (2010) described age-related changes in the rate and magnitude of SSA in auditory cortex. However, there are important differences between the present study and that of de VillersSidani and colleagues (2010) that should be considered. Methodological differences that may provide some insight for this discrepancy include the use of anesthesia and different methods for analysis of SSA. The use of anesthesia may have been a confounding factor because of its effect on arousal and multiple neurotransmitter systems (mentioned above) and because it has been shown to augment adaptation in the IC and auditory cortex of rodents (Jones et al. 2012; Malmierca et al. 2009; Ter-Mikaelian et al. 2007 ; Caspary DM, unpublished observation). For these reasons, additional studies comparing SSA in anesthetized and unanesthetized preparations are needed. Methods of analysis also differed in that, in contrast to the present study, not only units that displayed SSA but all units were included in determining changes in adaptation magnitude and rate in de Villers-Sidani et al. (2010) . It is interesting to consider why SSA may be maintained in aged MGB but less so in AI. This may be due to a selective impact of aging on different SSA sites of origin in AC relative to the ascending subcortical auditory structures (IC and MGB) and is supported by the preliminary findings of Nelken et al. (2013) as well as studies indicating a bottom-up origin of SSA (Anderson and Malmierca 2013; Antunes and Malmierca 2011) . In addition, age-related failure of SSA in AI could reflect cumulative age-related neurotransmitter and coding changes occurring specifically at the level of auditory cortex (Caspary et al. 2008; Hughes et al. 2010; Juarez-Salinas et al. 2010; Ling et al. 2005; Yang et al. 2008 Yang et al. , 2009 .
Our interest in performing the present study was stimulated, in part, by the de Villers-Sidani et al. (2010) study and the known age-related changes that occur with the human far-field potential recorded in response to the oddball paradigm, known as mismatch negativity (MMN; 100-to 200-ms latency) (Alain and Woods 1999; Bertoli et al. 2002; Gaeta et al. 1998) . However, recent studies concluded that SSA at the level of auditory cortex and MMN may not be linked, suggesting that SSA is a mechanism of early auditory processing not necessarily involved in gating or detecting novel stimuli as defined by those longer-latency processes mediating the later MMN response (Farley et al. 2010; von der Behrens et al. 2009 ). While the original hypothesis was that SSA, in the MGB in particular, could be a single-unit correlate of MMN (Kraus et al. 1994; Ulanovsky et al. 2003) , a more appropriate far-field representative of SSA timing was recently proposed (Grimm et al. 2011; Slabu et al. 2010 Slabu et al. , 2012 . Slabu et al. (2010) found that the middle-latency response (MLR), a shorter-latency (ϳ50 ms) precortical event-related potential not directly related to MMN, also displayed novelty or deviance preference. These studies of novelty detection in the MLR, which is temporally in line with SSA in the IC and MGB (20-to 50-ms latency), imply that detection of novel stimuli may indeed occur lower in the auditory system (Grimm et al. 2011; Slabu et al. 2012) . Therefore, the MLR may provide a more accurate means by which to evaluate novelty detection deficits that may be related to single-unit SSA in humans.
